The number of patients undergoing revision surgery following failure of anterior cruciate ligament (ACL) reconstruction has increased over the recent past, following the overall increased number of primary ACL reconstruction performed. Failure of primary ACL reconstruction can be attributed to technical errors, biological failures, or new traumatic injuries. Technical errors include femoral and/or tibial tunnels malposition, untreated associated ligaments insufficiencies, uncorrected lower limb malalignment, and graft fixation failures. Candidates for revision surgery should be carefully selected, and the success of ACL revision requires precise preoperative planning to obtain successful results. Preoperative planning begins with the analysis of the mechanisms of ACL reconstruction failure, and information regarding previous surgery, such as the type of graft implanted, and the position of existing hardware. Appropriate imaging is necessary to evaluate the position of the femoral and tibial tunnels, and abnormal tunnel widening. On the basis of clinical examination and imaging, surgeon can perform an ACL revision procedure in 1 or 2 stages.
A n anterior cruciate ligament (ACL) rupture occurs in up to 250,000 patients each year in the United States, and involves in most cases young athletes. 1,2 ACL reconstruction is performed to restore stability of the knee and to allow patient to return at the same activity before injury, with satisfactory outcomes ranging from 75% to 97% of patients. [3] [4] [5] Systematic reviews of the literature showed that nearly 1 in 4 younger than 25 years athletic patients, especially active young women, who return to high-risk sports after an ACL reconstruction will sustain another ACL injury at some point in their career. [6] [7] [8] The Danish Registry for Knee Ligament Reconstruction reports a revision ACL reconstruction rate of 4.1% after 5 years, with a higher risk in patient younger than 20 years of age (8.7%). 9 The United States and Norway registries showed a rerupture or failure rates of ACL reconstruction in the adult population of 0.9% to 1.5%. 10 Moreover, skeletally immature patients have a higher risk of failure following ACL reconstruction than adult population, with a rate of 4.8%. 11 ACL revision allows to try and restore knee stability and to try and return at preretear level. A meticulous evaluation of the patient is mandatory to obtain a good clinical result. 12 Causes of the failure, indication, and contraindication as well as detailed preoperative planning are crucial in ACL revision procedures.
CAUSES OF FAILURE
Preoperative planning for ACL revision requires a careful understanding of the possible causes of ACL reconstruction failure, which can be multifactorial. It is important to identify and evaluate the factors that produced ACL insufficiency. When these have been identified, each must be addressed and resolved before or during ACL revision surgery. 12 Graft failure can occur for a new traumatic injury or for different nontraumatic failures. Traumatic injury occurs in 25% of graft failures 13 : the main cause is a return to high levels of activity 14, 15 without appropriate rehabilitation, with altered neuromuscular control and muscle weakness. 16, 17 Allograft tissue, hamstring tendon autografts, and younger age increase the risk of early revision surgery after ACL reconstruction. 18 Allograft has a slower healing process compared with autograft, and bone patellar tendon bone (BPTB) autograft seems to be preferred in patients under 25 years of age for the lower rate of failure. 4, [19] [20] [21] Single-bundle ACL reconstruction compared with double-bundle ACL reconstruction does not show significant differences in terms of failure and risk of ACL revision. 22, 23 ACL graft failures without history of a new trauma should be considered technical errors or failures of graft incorporation (biological failure). 5, 24 Technical errors are the most common causes of atraumatic failures up to 77% in 1 series. [25] [26] [27] [28] [29] Misplaced femoral and/or tibia tunnel in failed ACL reconstructions can contribute to graft failure, with a high prevalence of femoral tunnel malposition, often caused by poor visualization during surgery. 30, 31 A wrong positioning of the femoral tunnel is a common technical error resulting often in a greater number of meniscal and cyclops lesions after ACL reconstruction. 32, 33 A femoral tunnel positioned too posteriorly can results in a knee tight in extension and lax in flexion; a femoral tunnel placed too anteriorly results in excessive tension on the graft in flexion. A misplaced femoral tunnel in the coronal plane may cause impingement on the lateral femoral condyle or on the posterior cruciate ligament (PCL). 34 The tibial drill hole should be positioned in the middle of the native ACL footprint. When centered too laterally or too anteriorly, there is a tendency to develop postoperative chronic synovitis, anteroposterior laxity, 35 or impingement on the intercondylar roof with the knee in extension. 36 Enlargement of the reamed tunnels, in which mechanical and biological factors play an important role, have been associated with increased anteroposterior laxity, and can occur in the early postoperative period. 30 The doublebundle ACL reconstruction technique has a theoretical higher risk to produce a widened tunnel as result of the convergence of the 2 tunnels. 37 Despite this, recent studies showed that the results of bone tunnel enlargement were comparable between single and double-bundle ACL reconstruction. [38] [39] [40] Untreated medial, lateral, and/or PCL insufficiency plays a fundamental role, and can contribute to early graft failure, increasing the loads placed on the graft. 41 Posterolateral and anteromedial instability also contribute in ACL reconstruction failure. 42, 43 Meniscectomy can also be involved as a cause of ACL revision, 44 The incidence of meniscal lesions in patients with chronic ACL instability is about 73% to 91%, with a high incidence for the medial meniscus. 45 The medial meniscus, especially the posterior horn, as well as the posterolateral corner, have a major role in limiting anterior tibial translation. When extensive removal of the meniscus is performed or when a major tear is not treated, this results in higher ACL graft forces and a higher failure rate. [45] [46] [47] [48] [49] Uncorrected varus or valgus bony malalignment with an increased posterior tibia slope causes posterior translation of tibia and increase the stresses on the ACL graft. [50] [51] [52] Another cause which can contribute to an ACL reconstruction failure is wrong graft tensioning, leading to loss of joint motion, premature arthritic change, or knee laxity. 53 Inadequate healing of the graft may result from lack of vascularity, patient's immunologic response, cellular repopulation, low-grade infection, or matrix remodeling that can lead to biological failure. 54 Postoperative infection is rare (0.3% to 1.7% of failures) but devastating, leading to graft failure, arthrofibrosis and cartilage damage, and early arthritis. 55, 56 Smoking and body mass index >30 have negative effects on subjective or objective outcome scores after ACL reconstruction. Smoking seems to be associated with an increase in anterior translation and complication rates after ACL reconstruction, thus leading to increased ACL revision rate. 57, 58 
INDICATIONS
The primary reason for considering ACL revision is recurrent knee instability following previous ACL reconstruction. Reduced function and level of activity, pain and loss of motion should be carefully evaluated, and the specific causes need to be addressed before performing the ACL revision procedure. 59 Evaluation of articular cartilage, menisci, associated ligament instabilities, and lower limb malalignment are mandatory. 11 The expectation of the revision operation should be discussed between the surgeon and the patient to realistically assess the possible results obtainable and prevent postoperative dissatisfaction. Patients with no lower limb malalignment, intact articular cartilage damage, and menisci will experience better functional outcomes than patients with articular cartilage damage, previous meniscectomy, or malalignment. In these patients, ACL revision may well be only a salvage procedure. 60 Return to index activity level is lower, and retears occur more frequently after revision ACL revision when compared with primary ACL reconstruction. [60] [61] [62] Return to preinjury activity level is unpredictable, although most studies demonstrate that ACL revision procedure has favorable results in terms of knee stability. 26 Andriolo et al, 63 evaluating 59 studies with 5365 patients, concluded that the 75% of these patients returned to some kind of sport and only 43% of them were able to return to the same level of sport activity, with significantly poorer clinical results compared with those reported for primary ACL reconstruction.
A case series of 95 patients who sustain ACL revision surgery showed that B60% of patients return to their sport, though often at lower levels. 64 In 552 patients, Lefevre et al 61 showed no significant difference in the return-to-sport rate at 1-year follow-up between patients who sustain primary reconstruction and patients who sustain ACL revision reconstruction. Patients in the primary reconstruction group resumed their usual Patients with varus malalignment (and moderate instability) with medial pain require a corrective high tibial osteotomy. After the procedure, often they not require an ACL revision because the osteotomy should eliminate the varus thrust. 66 Sedentary patients or patients with body mass index of Z30 and asymptomatic patients without recurrent effusions or giving way can be managed conservatively. Lastly, patients who are unable to participate in adequate postoperative rehabilitation should not be surgical candidates. 58 
PREOPERATIVE PLANNING
Preoperative planning for revision of a previous ACL reconstruction starts by identifying the related or direct causes of the failure, performing a meticulous physical examinations to assess passive and active range of motion (ROM), muscular weakness malalignment, associated ligament injuries, or gait abnormalities. 16 Careful inspection of the skin and myofascial envelope should be performed to plan skin incision to prevent wound problems and skin necrosis. 67 Loss of knee extension or flexion, unless arising from malposition of the graft, must be resolved before surgery because it could produce problems following surgery and rehabilitation. Tightness of the posterior capsule which interferes with knee extension, reducing it of >5 degrees, can be resolved with arthroscopic debridement and, if present, excision of a cyclops lesion, followed by rehabilitation. 68 Information about previous surgery such as type of hardware, type of graft, and details of the surgical procedure should be obtained. When the previous hardware needs to be removed, it is important obtain adequate instruments and appropriate extractors, and consider potential bone loss after their removal. The existing hardware should be left in place if it does not interfere with the new tunnels, or it is difficult to remove. 26 
History and Physical Examination
Details of previous procedures and injuries should be collected. Level of activity, pain, and instability symptoms should be also assessed. Recurrent synovitis and persistent pain should induce suspicion of a low-grade infection. The timing and previous symptoms can help to understand the cause of ACL failure, as early failures are often caused by technical errors rather than as a result of a trauma. The mechanism of the injury can help the surgeon to find and investigate associated lesions. Rehabilitation protocol and postoperative complications should be inquired. Previous imaging [radiographs, magnetic resonance imaging (MRI), photographs, and videos] should be collected. 29 Physical examination evaluated the alignment of the lower limb in the sagittal and coronal planes; the musculature should be observed, and healed incisions suggest previous type of graft and surgical procedure are used. Gait analysis should be evaluated for a valgus/varus thrust, or hyperextension. Active and passive ROM should be assessed and compared with the uninjured side. 16 Anteroposterior and rotational instabilities should be investigated. The integrity/laxity of ACL and the anterior stability of the knee should be quantified with the Lachman and pivot shit tests, and the presence of a positive posterior drawer or sag sign should be documented, as it suggests an associated PCL insufficiency. 42 Objective tests that evaluate the anteroposterior translation should be performed using, for example, the KT-1000/2000 (Medmetric) arthrometer at 20 degrees of flexion: a side to side difference >5 mm indicates loss of ACL function. 69 New electromagnetic devices have been developed to evaluate the anterior tibial translation and acceleration of the tibial reduction during the pivot shift test. [70] [71] [72] Medial and lateral ligaments insufficiency can overload the graft, and should be assessed by valgus and varus tests at 0 and 30 degrees of knee flexion. The posterolateral corner should be tested using the external rotation recurvatum and dial test at 30 and 90 degrees of knee flexion. 26 
Imaging
Preoperative imaging is a crucial part of surgical planning in patients who are candidates for ACL revision.
A complete radiographic series should include standing anteroposterior at 0 degree, lateral at 30 degrees of knee flexion, Rosenberg view, and patellofemoral axial views. Plain radiographs are fundamental to the initial assessment and provide useful information regarding femoral and tibia tunnel position, osteolysis and widening of tunnels, and location of hardware. 73 Double-stance at full-standing radiographs of both lower extremities includes femoral heads and ankle joints to detect valgus or varus malalignment and to evaluate mechanical axis and weight-bearing line. 67 Stress radiographs in varus/valgus provide more accurate information about residual cartilage thickness and residual laxity compared with standard weight-bearing views. 74 Kneeling and Telos posterior stress plain radiographs can objectively evaluate possibly associated posterior laxity from the low or not functional PCL and accessory ligaments. 75, 76 MRI is mandatory to evaluate soft tissues, articular cartilage, and menisci. MRI provide information about malpositioned primary ACL graft, remnant of the failed primary ACL graft, integrity of other ligamentous structures, such as posterolateral corner, PCL or medial collateral ligament, and status of the menisci and articular cartilage. MRI may demonstrate the characteristic pattern of bone edema if there has been a recent traumatic injury. 77 Computed tomographic (CT) scan asses the size and direction of the tibia and femoral tunnels and bone defects. 78 CT scan has the best intraobserver and interobserver reliability for the evaluation of ACL bone stock when compared with MRI and radiographs. 79 The evaluation of the tunnel widening and tunnel direction is important in the choice of a 1-or 2-stage procedure, and 3D-CT scan reconstruction provides a much more reliable assessment of tunnel size. 80, 81 Bone scan and positron emission tomography scan should be considered to rule out a possible low-grade infection in patients with history of pain, synovitis, and biological failure of the graft, variably associated with tunnel enlargement, or in patients with a previous history of septic arthritis following ACL reconstruction before proceed to ACL revision. 82, 83 GRAFT SELECTION At present, there is no standard graft for ACL revision. The graft used in the original ACL reconstruction may drive the choice of the new graft. In addition, knowledge of the tunnel widening may influence the graft choice. In general, grafts are divided in autograft, allograft, and synthetic grafts. Autografts continue to be the most common choice overall, while allograft is preferred by 11% to 22% of surgeon. 8, 84, 85 The use of allografts is decreasing in the young active population, given their slower incorporation and potentially higher rates of failure. 86, 87 Autograft tissues include the BPTB, quadriceps tendon-patellar bone, semitendinosus-gracilis tendons (SGT), or isolated multistrand semitendinosus tendon. 81, 88 Disadvantages of using autograft are donor-site morbidity, variable graft sizes with SGT tendon, patella fracture, or anterior knee pain with BPTB and weakness, and loss of knee flexion strength with SGT autograft, or weakness of the quadriceps mechanism with BPTB. 89 Good results, however, have been reported using BPTB in ACL revision. 30, 90, 91 Commonly used ACL allografts tissues include BPTB, SGT graft, Achilles tendon bone quadriceps tendonpatellar bone plug graft, and tibialis anterior tendon graft.
The advantages of allografts include avoidance of donor-site morbidity associated with autograft harvesting and decreased operative time. Furthermore, allografts provide a larger and stronger graft that may be an improvement over the host's poor quality tissue, and are particularly useful for patients who require multiple ligament reconstructions. 92, 93 The main disadvantages of allografts include increased cost, slow biological incorporation and remodeling, decreased biomechanical properties, higher failure rates (with a 2.78 greater risk of graft rerupture of than with autografts), risk of disease transmission, and possible immunologic rejection. 94, 95 g-irradiation has bactericidal and virucidal properties and is currently the most popular option for sterilization of allograft; it has adverse effects on the mechanical properties of the allograft in a dose-dependent manner. 96, 97 g-irradiation of allografts is associated with higher anterior instability and failure rate when compared with autograft and fresh-frozen allograft. 98 Posterior or anterior tibialis allograft are not recommended in patients younger than 25 and in active older patients. 99 Contralateral graft should be carefully considered as an alternative option when allograft is unviable or unwanted by the patient. 59 Artificial ligaments should be carefully considered as alternative graft option because of the poor middle and long-term results: the risk of failures with artificial ligaments is markedly higher than even with allografts. 100, 101 Lastly, surgeon-related factors such as surgical preference, training, and techniques are important in the decision of graft choice and seems to be the predominantly influencing factor.
CHOICE OF 1-VERSUS 2-STAGE ACL RECONSTRUCTION
Clinical examination and imaging affected the decision making in the ACL revision procedure.
An 1-stage revision ACL reconstruction should be considered in patients with good bone stock, tibia, and femoral tunnel correctly positioned and where the hardware can be removed or not interfere with the new graft fixation.
A single-stage procedure should be also performed in patients without malalignments, chondral lesions, meniscal tears, and ligaments insufficiency. [102] [103] [104] Screws must often be removed from a well-positioned tunnel, leaving a large bony defect, which must be filled to provide sound fixation for the new graft. Autologous bone graft or allograft can be used for the reconstitution of the tunnel bone stock. 105 When bone quality is good, and a tunnel with a diameter of <10 mm is present, this can be reused after removing the previous graft and granulation tissue, and overdrilling the bone tunnel to favor graft ingrowth. 106 When malalignment or extra-articular ligament insufficiency is present, extra-articular procedures such as realignment osteotomy should be performed at the same time of the ACL revision. 107 When a significant tunnel overlap and/or enlarged, osteolytic tunnels are present, a 2-stage revision ACL reconstruction is recommended. 108, 109 The 2-stage procedure allows adequate healing of bone tunnels, which will help with subsequent sound fixation of the graft, but exposes the patients to 2 surgical procedures, with associated risks, and extended period with an unstable knee which may potentially cause meniscal or cartilage lesions. 110 Plain radiographs and CT scan should be taken before proceed to the 2-stage procedure to evaluate the complete filling and healing of the tunnel.
When a 2-stage procedure is performed, the remnant ACL should be evaluated and debrided and when the graft is synthetic should be removed to avoid a foreign body granulomatous reaction and chronic inflammation of the synovial lining. 111 Other indications for 2-stage revision ACL reconstruction include arthrofibrosis or active infection. In this case, a washout, debridement, synovectomy procedure, or antibiotics to fully eradicate the infection are necessary. Afterwards, aggressive rehabilitation program is performed, and the second stage of revision ACL reconstruction can be performed when the patients have regained full ROM (Figs. 1-7) . 112, 113 
CONCLUSIONS
Meticulous preoperative planning is mandatory for successful an ACL revision procedures. Correct identification of the cause of previous ACL reconstruction failure is the necessary preliminary step to obtain good clinical results with ACL revision surgery.
Candidates for revision surgery should be selected carefully, and the expectation of the revision operation should be well discussed.
Preoperative imaging should include plain radiographs, MRI and CT scan, and allow to identify tibial and femoral tunnel position, hardware, limb malalignment, and concomitant soft tissue lesions which may drive the surgeon to perform a 1-or 2-stage revision ACL reconstruction.
An 1-stage procedure can be performed when good bone stock, tibia, and femoral tunnel correctly positioned, good limb alignment coexist. Moreover, the hardware can be removed or left in place when it does not interfere with the new graft tunnel.
When concomitant knee pathologies (such as such as meniscal deficiency, chondral lesions, and other ligamentous laxity) that cannot be resolved in a single-stage procedure are present, a 2-stage procedure is recommended. Equally, arthrofibrosis, loss of motion, limb malalignment, and active infection should be considered an indication for 2-stage ACL revision reconstruction.
Different types of tendon graft can be chosen, and the surgeon's experience, training, and surgical preference will play an important role.
Lastly, individualized rehabilitation is of paramount importance for a successful ACL revision. 
